miR-122, a liver-specific tumor suppressor microRNA, is frequently downregulated in hepatocellular carcinoma (HCC). LNP-DP1, a cationic lipid nanoparticle formulation, was developed as a vehicle to restore deregulated gene expression in HCC cells by miR-122 delivery. LNP-DP1 consists of 2-dioleyloxy-N,N-dimethyl-3-aminopropane (DODMA), egg phosphatidylcholine, cholesterol and cholesterol-polyethylene glycol. In vitro, LNP-DP1-mediated transfection of a miR-122 mimic to HCC cells downregulated miR-122 target genes by >95%. In vivo, siRNAs/miRNAs encapsulated in LNP-DP1 were preferentially taken up by hepatocytes and tumor cells in a mouse HCC model. The miR-122 mimic in LNP-DP1 was functional in HCC cells without causing systemic toxicity. To demonstrate its therapeutic potential, LNP-DP1 encapsulating miR-122 mimic was intratumorally injected and resulted in ~50% growth suppression of HCC xenografts within 30 days, which correlated well with suppression of target © 2013 Elsevier Inc. All rights reserved. # Corresponding authors. Kalpana Ghoshal, The Ohio State University, 420 West 12th Avenue, 646C TMRF Building, Columbus, OH 43210. Phone: 614-292-8865; Fax: 614-688-5600; kalpana.ghoshal@osumc.edu. * These authors contributed equally to the work Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Background
Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and the third leading cause of cancer-related deaths 1, 2 . In the United States, the incidence of HCC has almost tripled during the past two decades and HCC has become one of the fastest growing cancers 3 . HCC often occurs in the liver predisposed to hepatic steatosis, chronic hepatitis, fibrosis, and cirrhosis 4 . Major factors contributing to the increase in HCC-related deaths are late diagnosis and the lack of effective therapeutic strategies. While surgical removal of tumor tissues is an effective approach to protect relatively healthy liver tissue 5 , it is only applicable to a small subset of HCC patients with specific pathological conditions, such as confined tumor mass without portal hypertension. Therefore, there is an urgent need to develop novel therapeutic strategies to treat this deadly disease.
MicroRNAs are essential for liver homeostasis since loss of Dicer1, a central enzyme in microRNA processing, compromises liver functions and promotes hepatocarcinogenesis in mice [6] [7] [8] . Several teams of investigators including our own have demonstrated that the level of miR-122, the most abundant and developmentally regulated liver-specific microRNA 9, 10 , is drastically reduced in human and rodent primary HCCs and that its overexpression inhibits the tumorigenic properties of HCC cell lines 11, 12 . In addition, we have recently shown that miR-122 knockout mice developed hepatic steatosis, inflammation and spontaneous HCC 13 . These findings suggest miR-122 functions as a tumor suppressor in liver, and its restoration might inhibit HCC development.
The biggest challenge to clinical translation of RNAi based therapeutics is the lack of an efficient and safe delivery system. Several approaches, such as hydrodynamic injection 14, 15 , engineered viral vector 16, 17 and nanoparticles 18, 19 , have been developed to deliver siRNA/ miRNAs to cells to modulate gene expression. Cationic lipid nanoparticle (LNP) is one of the most promising vehicles for delivery of siRNA in vivo to the liver 20, 21 . A typical LNP formulation consists of a cationic lipid, a neutral lipid and/or cholesterol and a PEG-lipid. For example, stable nucleic acid lipid particle (SNALP), a well-known formulation of cationic LNP, has been successfully used to deliver siRNA for silencing target genes in nonhuman primates and is currently used in clinical trials 18, 22, 23 . Cationic lipids form ion pairs with anionic phospholipids of the endosomal membrane after endocytosis, subsequently disrupt the endosomal membrane and promote the release of encapsulated siRNA from the endosome to exert its biological function 24 .
In this study, we used cationic lipid DODMA-based LNPs for systemic delivery of liverspecific miR-122 to liver and HCC and thus provided proof-of-concept for the potential use of exogenous miR-122 mimic in HCC therapy. Both miR mimic and siRNA are used in this study because they are structurally similar and both function through RNAi, therefore, have the same requirements for a delivery system. We demonstrated that the LNP-DP1 containing Chol-PEG had optimal delivery efficiency. LNP-DP1 loaded with fluorochrome labeled siRNA or oligodeoxynucleotide (ODN) was used to demonstrate the uptake of LNP-DP1 by the liver and HCC. Further, we report a significant inhibition of expression of miR-122 target genes following LNP-DP1-mediated systemic delivery of miR-122 to normal liver and diethylnitrosamine (DEN)-induced liver tumors developed in miR-122 knockout mice. Finally, we demonstrate that intratumoral delivery of LNP-DP1 containing miR-122 significantly suppresses HCC xenograft growth in a mouse model of HCC.
Methods

Preparation of miRNA or siRNA encapsulated LNPs
The cationic liposomes were prepared as described previously with minor modification 25 . Briefly, an ethanolic lipid solution composed of DODMA/EggPC/Chol/PEG-lipid at 45:15:35:5 (molar ratio) was mixed with 20 mM HEPES (pH7.4) solution at room temperature. Ethanol was removed by dialysis using a MWCO 10,000 Dalton Float-A-Lyzer (Spectrum Laboratories Inc., Rancho Dominguez, CA) against 20 mM HEPES (pH=7.4) buffer for 2 hours at room temperature. The resulting liposomes were sterilized by passing through a 0.22 µm syringe filter (Millipore, Billerica, MA). miRNA encapsulated LNPs were prepared by mixing cationic liposomes with an equal volume of miRNA in 20 mM HEPES buffer at room temperature for 15 min. The weight ratio of lipids to miRNA was 10:1. For intravenous injection to mice, the miRNA-LNPs were centrifuged and concentrated to 200 µl using the Amicon® Ultra-4 Ultracel-50k Da centrifugal device (Millipore, Billerica, MA). The encapsulation efficiency of miRNA in LNPs was determined by RiboGreen assay (Invitrogen, Carlsbad, CA). The siRNA encapsulated LNPs were prepared by following the same method. The particle size of LNPs was determined by dynamic light scattering using a particle sizer BI-200SM (Brookhaven Instruments Corp., Holtsville, NY) in an intensity-weighted mode. Following dilution in water, the zeta potentials ( ) of LNPs were measured using a ZetaPALS zeta potential analyzer (Brookhaven Instrument Corp., Holtsville, NY). The Smoluchowski model was used to calculate the zeta potential and the mean ± SD was reported.
Antitumor activity of miR-122 encapsulated LNP-DP1 in a xenograft model
Female athymic mice (16~18 g) (Harlan Laboratory, Indianapolis, IN) were used for investigating the antitumor efficacy in vivo. Briefly, approximately 5×10 6 Sk-Hep-1 cells were injected subcutaneously into the flanks of the nude mice. When tumors reached 150~180 mm 3 in volume, mice were randomly divided into three treatment groups (eight for each). Mice were injected intratumorally twice a week for 26 days with 10 g of miR-122 mimic or scrambled siRNA (ThermoFisher, Pittsburgh, PA) encapsulated in LNP-DP1. Anti-tumor activity was evaluated in terms of tumor size (V), which was estimated by the equation V = a×b 2 /2, where a and b are the major and minor axes of the tumor, respectively, as measured by a caliper.
Statistical analysis
The data is presented as the mean ± SD of triplicate unless otherwise indicated. Statistical significance is calculated by student t-test and a p-value <0.05 is considered as significant.
Study approval
The animal studies were carried out, with necessary humane care, in accordance with the internal Institutional Animal Care and Use Committee guidelines at The Ohio State University.
Additional information is provided in the supplemental materials and methods.
Results
Optimization of LNPs for delivery of microRNA or siRNA LNP-DP1 is composed of DODMA, egg phosphatidylcholine (eggPC), cholesterol (Chol) and cholesterol-polyethyleneglycol (Chol-PEG) lipid. DODMA is an ionizable cationic lipid (pK a =6.5) with a tertiary amine headgroup ( Figure 1A ). When mixed with siRNAs/ miRNAs, "onion-like" nanostructures ( Figure 1B) 26, 27 were observed under the cryogenic transmission electron microscopy (Cryo-TEM) ( Figure 1C ). PEG-lipids are widely used to increase the in vivo stability and circulation half-life time of LNPs. However, heavy PEGylation may compromise the transfection efficiency of LNPs. We sought to identify a PEG-lipid with moderate shielding for miRNA delivery. LNPs consisting of seven different PEG-lipids (LNP-DP1 to LNP-DP7) with average diameter of ~100 nm and close-to-neutral surface charge were prepared in order to compare the effect of different PEG-lipids on transfection efficiency. Next, we transfected Sk-Hep-1, a HCC cell line stably expressing firefly luciferase with luciferase specific siRNA formulated in these LNPs. The results showed that LNP-DP1 was the most efficient in delivering functional siRNA to these cells as demonstrated by maximal (~40%) reduction in luciferase activity, which was comparable to Lipofectamine 2000® ( Figure 1D ), a widely used commercial agent for transfection of si-/mi-RNAs [28] [29] [30] . The mean diameter and zeta potential of LNP-DP1 at pH7.4 were 102.2 ± 15.2 nm and −3.94 ± 0.75 mV, respectively. Further, only a minor change in particle size was observed during storage for 4 weeks at 4°C and in zeta potential under different pH Figure 1A) , suggesting that LNP-DP1 can be used to deliver siRNA in HCC cells.
Next, we transfected HCC cell lines with siRNA encapsulated in LNP-DP1 to evaluate the silencing efficiency of a siRNA specific for an endogenous gene, BCL-2. First, LNP-DP1 loaded with BCL-2 specific siRNA (LNP-DP1/BCL-2-siRNA) was used to transfect SMMC7721 cells, a human HCC cell line which expresses moderate level of BCL2. Real time RT-PCR (qRT-PCR) analysis showed that the BCL-2 level was significantly reduced in cells transfected with LNP-DP1/BCL-2-siRNA compared to cells transfected with scrambled siRNA and non-transfected cells ( Figure 2B ). Interestingly, silencing efficiency of LNP-DP1 was comparable to that of Hiperfect®, a commercial reagent commonly used for transfection of si-/mi-RNAs.
We then studied the delivery of miR-122 in Hep3B cells that do not express this liver specific microRNA and performed qRT-PCR to quantify the level of miR-122 and its target genes. As expected, the miR-122 level significantly increased (over 500-fold) in cells transfected with LNP-DP1 loaded with miR-122 compared to the negative control miRNA ( Figure 2C ). Consistent with the elevated levels of this miRNA, the expression of its target genes such as SRF, IGF1R and ADAM10 was significantly downregulated by 99.2%, 99.6% and 97.6% ( Figure 2D ), respectively. Similar results were observed in two additional HCC cell lines, HepG2 and Skhep1, with comparable transfection of miR-122 using LNP-DP1 (Supplemental Figure 1B and 1C) . These results confirm that Chol-PEG based LNP-DP1 is an excellent delivery system for siRNAs/miRNAs in HCC cells in vitro.
LNP-DP1 mediated delivery of miR-122 in hepatocytes and liver tumor cells in vivo
Next, we investigated if LNP-DP1 can specifically deliver miR-122 to hepatocytes and tumor epithelial cells in a mouse model of liver cancer. In this model, mice developed liver tumors within 8 months after a single injection (25 mg/kg) of the chemical carcinogen diethylnitrosamine (DEN) on postnatal day 15. DEN-induced liver cancer is frequently used as an animal model for HCC because its tumor structure and vessel formation resemble those of human HCC 31 . We used DEN-induced tumor-bearing miR-122 knockout (KO) mice because of easy monitoring of exogenous miR-122 as they lack endogenous miR-122. To monitor uptake of LNP-DP1 in different tissues, an oligonucleotide (ODN) commonly used for tracing nanoparticles, was delivered systemically to tumor bearing mice through tail vein, and after 4 hours the distribution of ODN in different organs was evaluated using the IVIS imaging system. The results showed that LNP-DP1 facilitated accumulation of Cy5.5 labeled ODN predominantly in liver and tumor and to much lower levels in spleen, lung, heart, and kidney ( Figure 3A ). In contrast, Invivofectamine predominantly delivered the ODN to the liver and to lesser extent to the tumor, spleen and kidney.
Next, the tumor-bearing mice were received Cy3-labeled negative control siRNA (Cy3-siRNA) encapsulated in LNP-DP1, which does not target any mammalian gene. Confocal images of sections showed that the labeled particles were not detectable in other organs, such as heart, kidney and lung and were barely detectable in spleen ( Figure 3B ). In contrast, significant levels of LNP-DP1 loaded with Cy3-siRNA were visible in the cytoplasm of hepatocytes and tumor epithelial cells ( Figure 3C ). Thus, LNP-DP1 is efficient in delivering siRNA to DEN induced liver tumor.
Higher collagen density in tumors is known to impede deeper penetration of nanoparticles 32 . Two-photon confocal microscopic analysis showed low collagen density (shown in yellow color in images) in both tumor and benign liver, which explains efficient localization of LNP-DP1 in the DEN-induced HCC ( Figure 3D ).
LNP-DP1 and miR-122 formulated in LNP-DP1 did not induce an immune response or systemic toxicity
Next we investigated whether LNP-DP1 alone or NC miRNA / miR-122 mimic loaded with in LNP-DP1 induces systemic toxicity and innate immune response in the immune competent miR-122 knockout (KO) mice in C57BL6 background. Serum analysis showed no significant toxicity in mice treated with the LNP-DP1/miR-122 or LNP-DP1/NC formulation ( Figure 4A ). Comparable serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were found in LNP-DP1 and PBS-injected animals. This indicated that there was no significant liver damage caused by the particles. The normal serum blood urea nitrogen (BUN) and creatinine levels suggested that the kidney functions were normal in these mice as well. Similar results were observed in mice injected with LNP-DP1 alone (data not shown). Further, analysis of serum IL-6 and TNF by ELISA in mice treated with miR-122 mimic or NC miRNA encapsulated in LNP-DP1 showed lack of induction of systemic inflammation ( Figure 4B,C) . In fact, both groups have very low level of serum IL-6 (<10 pg/ml) and TNF (<62.5pg/ml). In addition, the qRT-PCR analysis showed that hepatic TNF IL-6 and IFN expression levels were not elevated after systemic delivery of LNP-DP1 loaded with miR-122 mimic ( Figure 4D-F) . Taken together, these data showed that systemic delivery of LNP-DP1, NC miRNA and miR-122 mimic did not cause innate inflammatory response or systemic toxicity in immune competent mice.
LNP-DP1 mediated delivery of miR-122 mimic specifically downregulated expression of miR-122 target genes in liver and tumor tissues
To evaluate the efficiency of LNP-DP1 mediated delivery of microRNA and the resultant downregulation of specific target genes, we took advantage of miR-122 knockout (KO) mice that do not express miR-122. LNP-DP1 loaded with negative control miRNA or miR-122 mimic was injected intravenously (2.5 mg/kg) to KO mice three times for one week and the expression level of its target genes was measured. qRT-PCR analysis of the livers from these animals after one week of treatment showed a significantly (P=0.026) increased miR-122 level of 36759 copies per 1ng total RNA with concomitant decrease in the protein levels of two of its validated targets namely, Adam10 and Mapre1 (Figures 5A,B) .
To determine if miR-122 can also be delivered to the tumor in vivo, miR-122 mimic encapsulated in LNP-DP1 (LNP-DP1/miR-122) was injected intravenously to the animals bearing the DEN-induced liver tumors. Two KO mice injected three times for one week with LNP-DP1/miR-122 (2.5 mg/kg) showed an averaged miR-122 level of 11898 copies per 1ng total RNA in the liver after one week ( Figure 5C ), and the protein levels of Adam10, Srf, Mapk inversely correlated with the miR-122 level in tumors that originally lacked the miRNA ( Figure 5D ). Adam10 and Srf were identified earlier as direct targets of miR-122 11 . Notably, suppression of target genes and Mapk was significantly higher in the tumor that exhibited higher miR-122 level (14487 copies per 1ng total RNA) compared to the tumor with low miR-122 uptake (9808 copies per 1ng total RNA). These results showed that miR-122 could be delivered to both normal liver and tumor tissues, although to a lesser extent in the latter. Furthermore, the downregulation of several target genes of miR-122 suggested that the LNP-DP1 carrying miR-122 could be released from the nanoparticles to exert its function in vivo.
Intratumoral delivery of miR-122 mimic containing LNP-DP1 suppressed the growth of HCC xenografts in nude mice
To assess therapeutic potential of miR-122 mimic, an HCC xenograft mouse model bearing the Sk-Hep-1 tumor was used. Due to poor blood supply and high collagen distribution (Supplemental Figure 2B ) in subcutaneous xenograft tumors, the systemic delivery efficiency of microRNAs encapsulated in LNP-DP1 to xenograft tumors was lower than that in DEN-induced liver tumors (compare Supplemental Figure 2A to Figure 3C ). To increase delivery efficiency, we injected LNP-DP1 loaded with negative control miRNA (LNP-DP1/ NC) or miR-122 mimic (LNP-DP1/miR-122) intratumorally to xenograft tumors and monitored the tumor growth. the results showed that tumor size and weight of LNP-DP1/ miR-122 treated group were significantly less than that of the LNP-DP1/NC treated group, which was visible as early as 7 days after the first injection ( Figures 6A-C) . Notably, the tumor size of the LNP-DP1/miR-122 group increased nearly 2.5 fold (tumor size at day 26: 380.1±69.1 mm 3 ) whereas it increased ~6-fold (tumor size at day 26: 995.5 ± 259.1 mm 3 ) in the LNP-DP1/NC group after 26 days of treatment ( Figure 6D ). The median tumor weight of LNP-DP1/miR-122 group (0.38 ± 0.23g, n=9) at harvest was ~50% smaller (P=0.03) than that of LNP-DP1/NC group (0.75 ± 0.40g, n=7). The body weight of both groups of mice was comparable (data not shown). Among miR-122 targets, protein levels of ADAM10 (~38% reduction, n=5 and P=0.036) and MAPRE1 (~25% reduction, n=5 and P=0.01) were significantly reduced in xenograft tumor tissues ( Figure 6E) . Notably, pale color of miR-122 delivered xenografts ( Figure 6B ) suggested reduced angiogenesis in these tumors. Indeed, angiogenesis in LNP-1-miR-122 injected tumors was significantly suppressed compared to the controls, as demonstrated by ~40% reduction in the number (P=0.026) of CD34 positive cells ( Figure 6F,G) . This result is consistent with previous studies showing that ectopic expression of miR-122 suppressed angiogenic potential of endothelial cells 11, 33 . Overall, these results indicate that miR-122 can be efficiently delivered to the xenograft tumor by intratumoral injection that leads to suppression of tumor growth, which correlated with downregulation of its two key target genes that are associated with HCC 11, 13 . Discussion miR mimic RNAi therapy is an emerging modality for treatment of cancer 34 . This may have some advantages over siRNA therapy. With siRNA it is likely that redundant genes with complementary functions could compensate for the loss of function of the depleted genes. In contrast, miRNAs can target multiple genes. Because of their low serum stability, the development of safe and effective in vivo delivery systems is of central importance to realize the effectiveness of miR therapeutics. Numerous strategies including viral 17, 35 and non-viral systems 14, 36, 37 have been applied in animal models of HCC or in patients for targeting RNAi to liver tumors. Although viral delivery of RNA interference (RNAi) produces significant silencing of target genes, non-viral systems are still considered as a safer choice due to their lower immunogenicity. Among the non-viral delivery approaches, LNPs have shown to be particularly promising 38, 39 .
The LNP formulation developed in the present study is based on a commercially available cationic lipid, DODMA. DODMA has a protonatable tertiary amine head group 25, 40 . The charge of the head group of DODMA is pH dependent. The nanoparticle-mediated delivery of miRNAs has several advantages. First, when the particles are taken up by cells and trafficked to endosomes, the more acidic environment in the endosomes promotes the release of miRNA from LNP by fusion between the cationic DODMA and anionic lipids of endosomal bilayers. Second, incorporation of PEG prevents aggregation and aids in the formation of uniform and small nanoparticles, which can be accomplished by using PEGlipid conjugates to synthesize LNP. Seven PEG-lipids were examined by evaluating siRNA mediated luciferase silencing in Sk-Hep-1 cells. The LNP-DP1 formulation containing Chol-PEG lipid showed the best delivery efficiency of siRNA/miRNA against the coding sequence of luciferase among all examined PEG-lipids ( Figure 1D) . Recently, several studies have shown that nanoparticles with different chemical modifications increase the targeted delivery of siRNA 41 or DNA 42 to HCC cells. Our studies further demonstrated that targeted delivery of miRNA to liver/HCC cells could be achieved by simply applying cholesterol modification to DODMA-based liposomes. Furthermore, many non-lipid based nanoparticles were developed to deliver small molecules that are well studied for HCC chemotherapy, such as doxorubicin 43 , and paclitaxel 44 , specifically to HCC cells. It will be interesting to see if LNP-DP1, with suitable modification of zeta potential, can also complex with small molecules to specifically target HCC cells.
The nano-sized particles may be accessible to hepatocytes by passive targeting. Upon reaching liver, the nanoparticles could exit the intravascular space to directly access hepatocytes as long as the particle size is smaller than the pore size of fenestrated vasculature (100~150 nm in diameter) of the liver 45, 46 . The dense interstitial structure of HCC tumors, such as high levels of collagen, is one of the major abnormal physical and physiological properties that contribute to the transport barriers for nanoparticles. Generally, the diffusion rate is inversely correlated with the collagen level. In the present study, the primary tumors developed in the DEN-induced HCC model that closely mimics the human HCC, exhibited similar collagen distribution and blood supply, thereby achieving the best uptake of LNP-DP1 compared to the subcutaneous HCC model. In contrast, blood supply in tumors in xenograft model is usually poor due to the hindrance of angiogenesis by the fibrotic tissues deposited in the surrounding region of implanted tumor cells.
We performed three different experiments to demonstrate the superior ability of the LNP-DP1 in delivering si-/mi-RNAs. First, we used fluorescence microscopy to show that significant amount of LNP-DP1 loaded with Cy3-labeled siRNA is taken up by HCC cells. Second, a significant increase in the miR-122 level with concomitant downregulation of two of its targets is indicative of the successful release of miR-122 from LNP-DP1. Third, we used an established xenograft animal model to precisely monitor the tumor progression after the delivery of the miR-122 mimic encapsulated in LNP-DP1. It is noteworthy that the tumor growth was significantly suppressed after 26 days of treatment. Intratumoral injection of anti-cancer drugs or termed percutaneous local ablative therapy (PLAT) has been developed to treat HCC for the decades. However, PLAT is usually only applicable for patients with small HCC (<5 cm) that is unresectable because of compromised liver function. Also, PLAT cannot be performed on patients with multiple liver tumors due to the need of multiple punctures 47 .
A large cohort of animals bearing DEN-induced liver tumors will be necessary to evaluate the proper dose and duration of therapy with LNP-DP1 loaded with miR-122 for reducing tumor burden. Additional investigation is also needed to learn whether miR-122 therapy increases the risk of HCV infection in HCC patients due to the fact that miR-122 facilitate HCV replication in hepatocytes 48 by a mechanism not well understood. However, no correlation between HCV load and miR-122 levels in HCC patients has been observed 49 . Moreover, due to fact that LNP-DP1 mediated delivery did not elevate its extremely high basal level (70% of total miR in the liver) even by 5% (data not shown) as opposed to its 20 fold increase in its level in tumor tissues because of its low basal level in tumors [10] [11] [12] . Therefore, it is unlikely that miR-122 delivery will increase the risk of HCV infection since it only significantly increase the miR-122 level of tumor cells that are miR-122 negative. On the other hand, miR-122 delivery might be beneficial in HBV-positive HCC patients since it is downregulated in HBV-positive HCCs, and a miR-122 mimic has been shown to inhibit HBV replication in HCC cells in vitro 50 .
In summary, the present study has provided important data that supports the potential application of the LNP-DP1 encapsulated miR-122 in HCC therapy. In the absence of adequate success in the treatment of HCC, and in light of dramatic increase in HCC incidence in the western world, this novel strategy to deliver an important liver-specific tumor suppressor miRNA directly to the tumor could be a significant advance.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A. In vivo toxicity assay by measuring ALT, AST, BUN and creatinine in serum of wild type mice after systemic delivery of PBS or LNP-DP1 for 48 hours. Abbreviation: ALT: alanine aminotransferase; AST, aspartate aminotransferase; BUN: blood urea nitrogen. Normal range of each parameter in mice is provided. B-F. Serum level of (B) IL-6 and (C) TNF in mice and the mRNA levels of (D) TNF , (E) IL-6, and (F) IFN in liver of mice 24 hours after the last injection of one-week systemic delivery of LNP-DP1 carrying NC miRNA or miR-122 mimic (2.5mg/kg). The mRNA levels of individual genes were determined by qRT-PCR and normalized to that of Gapdh. 
